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At an evolutionary level, allocation involves balancing fecundity against survival probability through the lifespan and the effects of this balance on fitness. At an ecological level, allocation includes the relationship between investment in one function and investment in others, such as the relationship between defense and growth. At a physiological level, allocation entails the partitioning of resources within the plant and the consequences of this partitioning for resource gain or loss. Because ecological functions clearly have a physiological basis (e.g., reproduction requires the production of flowers and seeds) allocation patterns at different levels should be correlated.
Here we examine the sources of variation in allocation to sexual reproduction, clonal growth, and defense (primarily chemical defense of leaves). Our goal is twofold: to suggest general trends in allocation and their significance, both among and within species, in relation to environment; and to identify both conceptual and procedural difficulties involved in quantifying allocation.
Resource-based perspectives
Principle of allocation. Higher plants have a life cycle in which juvenile, purely vegetative stages are followed by reproductive stages, which are eventually followed by senescence and death. For many years, explanations of this cycle have emphasized resource allocation. As early as the 1800s, studies suggested that reproduction competes with vegetative functions, depleting resources necessary for maintenance and growth. For example, flower-removal studies by Mattirolo (1899) demonstrated that preventing flowering can extend a plant's lifespan and growth. Molisch (1930) described resource depletion in reproduction as Ersch6pfungstod (exhaustion death).
The idea that reproduction, growth, and defense interact within the individual and compete for limited resources is now considered an established principle. Because there are trade-offs between a plant's various functions, the concept of costs and benefits helps explain allocation patterns at both the physiological and evolutionary levels. For example, reBioScience Vol. In most communities, herbivores are important selective agents, consuming 10-20% of annual plant production. Often their damage is more devastating. Many field and laboratory studies have found that herbivory is negatively correlated with levels of particular secondary chemicals (Coley 1983 , McKey et al. 1978 , providing strong support for the benefits of defense. Defense also has its costs. In the absence of herbivores, pest-resistant varieties often have lower yields than susceptible varieties, suggesting there is a trade-off between allocation to defense and growth (Pimentel 1976 ). Studies of wild plants indicate that the overall allocation to defense is negatively correlated with plant growth rate (Coley 1986 ). The cost of defense, together with the unpredictability of herbivore attack, may explain why some plants have evolved inducible defense systems.
The first comprehensive theory of plant defense strategies, the theory of plant apparency (Feeny 1976, Rhoades and Cates 1976) , suggested that interspecific differences in defense have evolved in response to the risk of discovery by herbivores, the cost of defense, and the value of plant parts. Herbivore behavior played a major role in this hypothesis. Physio-logical approaches have extended this idea to an explicit cost-benefit framework in which the effects of defense allocation on rates of herbivory can be weighed against the effects on growth (Coley et al. 1985, Mooney and Gulmon 1982) .
Understanding the costs and benefits of an allocation pattern requires a means of measuring the resources committed to any function and determining the consequences of alternative patterns of resource allocation. These can be considered the direct and indirect costs of allocation, and they correspond roughly to the levels of allocation we have termed physiological and ecological. In the discussion that follows, we focus primarily on the direct costs of allocation. Increasingly, models of growth and allocation, together with studies of comparative physiology, are being used to determine alternative allocation patterns and to assess indirect Plant size and allocation. Within a species, total biomass often is a close correlate of reproductive allocation.
In monocarpic and polycarpic perennials, we now have abundant evidence for the role of plant size, or relative growth rate, in determining relative allocation to sexual reproduction; in many plants, a size or biomass threshold must be reached before flowering occurs (Werner 1975 structures, example, stress generally delays or and/or costly prevents flowering in perennials, but 385). Nectar extreme stress may promote flowernplex chemi-ing, as though a low probability of and may be survival triggers a perennial into one itities, as in final burst of reproduction. In this reproduction case, death may be due to stress, not daily photo-reproduction, but there would be a iwick 1984). correlation between reproduction and Iorgans, re-increased mortality. For this reason, it ve direct ac-may be most useful to study trade-offs carbon and induced by experimental manipulavary in the tions (e.g., Antonovics 1980). Experipartly vege-mental studies of allocation physiolo-:ct access to gy, however, may be difficult to es, photosyn-interpret in an ecological context. structures is One challenge to the concept of t respiratory trade-offs is the finding that assimilaexceed it, es-tion rates of sources (leaves and other These crops tissues that photosynthesize) can be large and/or enhanced by increasing the number larvest yield) and size of sinks (sites that use or light intensi-store the products of photosynthesis). natural habi-Reproductive sinks produce a local differ. How-stimulation of photosynthesis in a ave reported number of crop species, th though the photosynthe-pattern is not universal. Little is known of the extent to which this occurs in wild plants. Conversely, resources necessary for photosynthesis may be reallocated to reproductive structures, reducing rather than enhancing photosynthetic capacity of leaves during reproductive development. Accounting for the many interactions between reproduction and photosynthesis may significantly alter the measure of reproductive allocation ( Figure 5 ). vored over vertical growth. Beyond that, it appears to have been favored in environments where seed and seedling mortality are high and where fires are frequent, as well as in other stressful environments (Abrahamson 1980) . Clonal growth is a sink for resources, and so allocation to it must be under ecological controls similar to those that govern sexual reproductive allocation. The effects of specific types of stress seem to vary widely, but clonal growth does appear to be tied to resource availability ( Whether a species possesses the capacity to grow clonally, and the specific mechanism it employs (e.g., bulbs, rhizomes, stolons, fragmentation), presumably reflects phylogenetic inertia as well as adaptation to particular types of environments. Clonal growth is obviously advantageous where horizontal spread is fa- Alkaloids and terpenes, having short half-lives, also have higher maintenance costs than tannins and lignins, which turn over slowly (Coley et al. 1985 Within-species trends in defense suggest that allocation of resources to growth has highest priority, whereas allocation to defense increases at resource levels above normal. When there is an imbalance of resources needed for growth, plants divert the excess resources to production of defense compounds (Bryant et al. 1983 Diverse studies of allocation have converged on the theme of cost and benefit. This concept has proven robust from physiological to evolutionary levels, but many links between these levels are still missing, and debate continues on the ideal currency of allocation. Establishing these links requires a currency that allows a complete accounting of direct costs, and permits calculation of indirect costs. Carbon appears to be the most useful candidate at present, because of its fundamental importance as a building block for all plant structures; the ease with which its assimilation, translocation, and allocation can be analyzed; and the evidence of assimilate limitation in plants. Also, many of the unanswered questions relating to physiological costs involve carbon. For example, are source-sink controls on photosynthesis, such as reproductive enhancement of leaf photosynthesis, consistent with a cost-benefit framework? Undoubtedly there are situations where plants are limited by resources other than carbon, such as nitrogen or phosphorus. Carbon, however, represents a currency that can integrate the costs of activities, including foraging and uptake of limiting nutrients. Thus, nitrogen limitation can be expressed as the cost of acquiring nitrogen measured in units of carbon (Bloom et al. 1985) . If exchange rates between resources are determined, any resource can be used as the currency.
The allocation pattern of a plant defines its ecological roles and is therefore an important factor in understanding plant distribution and adaptation. Resource allocation is also very important in agricultural species. Furthermore, selection for increased yield in crops has succeeded more through changes in reproductive allocation than through increases in photosynthetic rates per unit leaf area (Gifford and Evans 1981) . Thus an understanding of the controls on reproductive allocation in wild species has implications for crop improvement. Allocation of resources to defense may also affect the success of crops. In crop varieties with increased natural defenses that have been derived from crosses with wild relatives, losses to herbivores are substantially reduced (Pimentel 1976 ). Continued improvement of agronomic species is likely to draw from insights obtained through ecological studies of allocation in wild species, some of which have now been studied in as much detail as agronomic species.
